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Summary 

Direct transfer of the normal cystic fibrosis (CF) trans- 
membrane conductance regulator (CFTR) gene to 
airway epithelium was evaluated using a replication- 
deficient recombinant adenovirus (Ad) vector con- 
taining normal human CFTR cDNA (Ad-CFTR). In vitro 
Ad-CFTR-infected CFPAC-1 CF epithelial cells ex- 
pressed human CFTR mRNA and protein and demon- 
strated correction of defective cAMP-mediated CI* 
permeability. Two days after in vivo intratracheal intro- 
duction of Ad-CFTR in cotton rats, in situ analysis dem- 
onstrated human CFTR gene expression in lung epi- 
thelium. PCR amplification of reverse transcribed lung 
RNA demonstrated human CFTR transcripts derived 
from Ad-CFTR, and Northern analysis of lung RNA re- 
vealed human CFTR transcripts for up to 6 weeks. Hu- 
man CFTR protein was detected in epithelial cells us- 
ing anti-human CFTR antibody 11-14 days after 
infection. While the safety and effectiveness remain 
to be demonstrated, these observations suggest the 
feasibility of in vivo CFTR gene transfer as therapy for 
the pulmonary manifestations of CF. 

introduction 

The clinical manifestations of cystic fibrosis (CF), a com- 
mon lethal recessive hereditary disorder, are dominated 
by abnormalities of the airway epithelial surface, inducing 
chronic mucus production, infection, and inflarr.ms-ion 
(Bcat.et al.. 1939). The gene responsible for CF. termed 
the cvstic fibrosis* transmembrane conductance rec_ : ?a;or 
\CFTF.) ^ere. is !cca!:z on chromosome 7 at Co ' ".-tre- 



mens et al., 1989; Riordan et al., 1989). The predicted 
CFTR protein is a 1 480 residue glycosylated molecule with 
12 transmembrane domains and 3 intracytoplasmic do- 
mains containing sequences that can be phosphorylated 
by protein kinases (Riordan et al., 1980; Gregory et aL, 
1 990; Cheng et al.. 1991; Bear et al., 1 99 1 ). In vitro studies 
suggest that the CFTR protein is a CI" channel that modu- 
lates the permeability of CI" in response to elevations of 
intracellular cAMP (Anderson et al.. 1991; Kartner et al., 
1991 ; Bear et al., 1991). Mutations of the CFTR gene ren- 
der epithelial cells unable to modulate CI" permeability 
through the cAMP pathway (Frizzell et al., 1986; Li et al.. 
1988; Hwang et al., 1989). Importantly, in vitro studies 
have shown that transfer of the normal CFTR cDNA to 
epithelial cell lines derived from individuals with CF can 
override this abnormality and permit the cells to secrete 
CI* in response to increased intracellular cAMP (Drumm 
et al., 1990; Rich et al., 1990). 

These in vitro studies, and the knowledge that the lethal 
consequences of mutations of the gene occur almost ex- 
clusively in the lung (Boat et al. . 1 989). suggest the feasibil- 
ity of somatic gene therapy for CF, i.e., it may be possible 
to correct the pulmonary manifestations caused by muta-' 
tions of the CFTR gene by directly transferring a normal 
CFTR cDNA to airway epithelial cells in vivo. The major 
obstacles to this approach lie in the geometry of the lung 
and the biology of the airway epithelium. The epithelial 
cells of the human airway comprise an approximately 
1-2 m 2 surface distributed over a successively branching 
"fractal-like" tree structure (Weibel, 1991), a geometry that 
makes it essentially impossible to treat CF successfully 
by removing the epithelial cells for in vitro correction anc* 
subsequent reimplantation. Furthermore, the majority of 
the airway epithelial cells are terminally differentiated, and 
those that are capable of proliferating do so at a sicw rate 
(Evans and Shami. 1989). In view of these cons:cerat;or,s. 
it is likely that somatic gene therapy for the ressira-ory 
manifestations of CF will require a methodolcgy cacabie 
of transferring the normal cDNA into nonproliieratinc epi- 
thelial cells, and this will have to be done in vivo. 

One possible solution to these problems is :o utilize a 
replication-deficient recombinant adenovirus tr.at con- 
tains an active promoter and a normal CFTR cDNA. In 
addition to the ability to accommodate a large (up to 7.5 
kb) exogenous cDNA, the adenovirus has the acvamages 
of being tropic for respiratory epithelium and capable ci 
transferring recombinant genes into nonproliferaiing ceils 
(Straus. 1984; Haj-Ahmad and Graham, 1966; Berkner, 
1988; Horwitz, 1990). The recombinant adenoviral ap- 
proach has been successful in transferring the human 
c 1 -antitrypsin gene to the respiratory epithelium c; expf;;- 
mental animals in vivo (Rosenfeld et al.. 1 991 a.', "he p* :-s- 
ent study, utilizing a recombinant adenovirus zz-r'.a'-rrz a 
normal CFTR cD.N'A, demonstrates in vivo ira-re: 
expression ci ll".a human CFTR cer.e to tr.e *""'. '* 
voith'-l'jm of l^D lures ot cc;;cn rz:s. 
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Figure 1. Schematic of the Recombinant Adenoviral Vector Ad-CFTR 

Shown are the adenovirus type 5 (Ad 5) genome, the recombinant adenoviral ON A containing the human CFTR cONA (Ad-CFTR), and a detailed 
enlargement of the CFTR expression cassette. Ad 5 ONA is divided into 100 mu (360 bp/mu). Stippled segments of Ad 5 indicate deletions of the 
left end of the genome, including the majority of the E 1 region (0-9.2 mu) and E3 (78.4-84.3 mu), which were removed in the construction of Ad-CFTR 
to allow room for insertion of exogenous, nonviral ONA. The CFTR expression cassette includes the 5' inverted terminal repeat (ITR). origin of 
replication, encapsidation signal, end Ela enhancer (all from Ad 5): the major late promoter and a copy of the tripartite leader sequence cDNA (both 
from Ad 2); the entire 4.5 kb protein coding sequence of the human CFTR cDNA; and the SV40 early mRNA poiyadenytation signal. The CFTR 
protein translation start (ATG) and stop (TAG) signals are indicated. 



Results 

Construction of the Recombinant Adenoviral 
Vector Ad-CFTR 

Ad-CFTR, a replication-deficient recombinant adenovirus 
containing the human CFTR protein coding sequence 
cDNA, was constructed using a modified type 5 adenoviral 
(Ad 5) genome (Figure 1). The majority of the E3 region 
(78.4-84.3 map units [mu]) was deleted to provide space 
for insertion of a cassette containing the 4.5 kb coding 
sequence of the human CFTR cDNA (Thimmappaya et al., 
1 982; Riordan et al.. 1 989). The left end of the viral genome 
(0-9.2 mu. including the Ela and the majority of the Elb 
region) was deleted and replaced by a CFTR expression 
cassette containing essential viral cis-acting elements, in- 
cluding the inverted terminal repeat (ITR). origin of replica- 
tion, and the encapsidation signal, as well as the Ela en- 
hancer, but not the E1a structural gene, a substitution 
that eliminates autonomous replication of the recombinant 
vector by removal of the E1a function. The E1 a enhancer 
was followed by the adenovirus type 2 (Ad 2) major late 
promoter (MLP) and a 4.5 kb CFTR cDNA (nucleotides 
1 23-4587; see Riordan et al. [ 1 989] for sequence number- 
ing). The Ad 2 MLP was used to drive transcription of 
human CFTR cDNA sequences. The majority of the Ad 2 
tripanile leader sequence cDf 1 '^ was included to increase 
\te translation efficiency of e. session of CFTR prctein 
(Mansc-ur et al.. 9^6). Ad-CFTR was replicated : .n ;he 
: r::'- .;z;v3 z^W 233 (3 hi; ."an ! <iur.?y C3t! iir.e zor- 



E 1 a protein (Graham et al., 1 977]) and high titer, infectious 
Ad-CFTR viral stocks were prepared. 

In Vitro Evaluation of Ad-CFTR-Directed Human 
CFTR mRNA Transcripts 

Ad-CFTR directed the expression of human CFTR mRNA 
transcripts in vitro (Figure 2). As previously observed. 
Northern analysis of T84 human colon carcinoma cells 
(lane 1) demonstrated a 6.5 kb CFTR mRNA transcript 
(Riordan et al., 1989; Drumm et al.. 1990; Kartner et al.. 
1991; Yoshimura et al.. 1991a; Trapnell et al.. 1991a). 
while uninfected 293 or CFPAC-1 cells did not contain 
CFTR mRNA transcripts detectable by Northern analysis 
using the 4.5 kb human CFTR probe (lanes 2 and 5. re- 
spectively). Similarly, in vitro infection of 293 cells (lane 3) 
or CFPAC-1 cells (lane 6) by the control virus Ad-dl312 (Ad 
5 with a deletion of the E1 a region [1.5-4.5 mu; Jones and 
Shenk. 1979]), which does not contain the CFTR cDNA. 
did not demonstrate detectable CFTR transcripts. In con- 
trast, a 5.2 kb transcript (the expected size of Ad-CFTR- 
directed human CFTR mRNA transcripts) was observed 
after in vitro Ad-CFTR infection of 293 cells (lane 4) or 
CFPAC-1 cells (lane 7). The levels of human (J-actin tran- 
scripts were similar in all samples (data not shown). 

In Vitro Function of the Ad-CFTR-Oirected Human 
CFTR Protein 

As -here : s r.o a.-i.T.a: .r.ccel for cystic fibrosis. is nc: 
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Figure 2. Evaluation of Human CFTR mRNA Transcripts after In Vitro 
Ad-CFTR Infection 

Shown are Northern analyses of total cellular RNA (10 per lane 
except for 293 cells. 5 (ig per lane) evaluated with a 4.5 kb human 
CFTR cONA probe. Lane 1: uninfected T84 cells: lane 2: uninlected 
293 cells; fane 3: 293 cells infected with Ad-al3l2; lane 4: 293 cells 
inlected with Ad-CFTR; lane 5: uninfected CFPAC-1 cells; lane 6: 
CFPAC-i cells infected with Ad<ll312; lane 7: CFPAC-i cells infected 
with Ad-CFTR. The 6.5 kb endogenous human CFTR mRNA transcript 
is indicated, as is the 5.2 kb Ad-CFTR-directed CFTR mRNA transcript. 
The latter is expected to be smaller than the endogenous human cell 
transcript, because ol the deletion of 5' and 3' untranslated sequences 
from the CFTR cDNA in the construction of Ad-CFTR (see Figure 1). 



Ad-CFTR vector clearly directed the biosynthesis of func- 
tional CFTR protein as demonstrated by in vitro studies in 
cultured cells (Figure 3). In this regard, in cells modified in 
vitro by Ad-CFTR infection, the de novo biosynthesis of 
human CFTR protein was evaluated using metabolic label- 
ing and immunoprecipitation of the CFTR protein with a 
mouse anti-human CFTR-specific monoclonal antibody. 
Evaluation of Ad-CFTR-infected 293 cells demonstrated 
the presence of a new 165 kd protein and a minor 141 kd 
protein (Figure 3A. lane 2). neither of which was delectable 
in uninfected cells (lane 1). CFPAC-i cells infected by 
Ad-CFTR also showed a new protein of 165 kd (Figure 3, 
lane 4) not present in Ad-a1AT-infected (lane 3) or unin- 
lected cells (data not shown). For both 293 and CFPAC-1 
cells, the size of the major Ad-CFTR-directed protein (1 65 
kd) is within the range of the size detected in T84 cells (data 
not shown) and that expected for a completely processed 
form of the glycosylated protein (Riordan et a|.. 1989; 
Cheng et al.. 1990; Kartner et ah. 1991). 

The ability of Ad-CFTR to impart cA MP -regulated CI" 
permeability to cells that do not normally exhibit this physi- 
ologic function (293 cells) and to correct the defective 
cAMP-stimulated up-regulation of CI" permeability in epi- 
thelial cells derived from individuals with CF (CFPAC-1 
cells) was evaluated by examining forskolin-stimulated 
y O~ efflux (Figures 33-3F). Consisient with the lack of 
electable endogenous CFTR mRNA expression by 
Northern analysis, uninfect 293 coiis lacked the ability 
:o ^p-regulate CI" permeability in ;he presence of iorskclin 
r : c-.::e 35*i. I r. con-ras 1 .. 3""V3r Ad-CFTR i.-.: action. !crsKc!;n 



CFPAC-1 cells infected with the control virus Ad-a i AT (3E) 
did not demonstrate forskolin-stimulated CI" permeabiliiy. 
However, after in vitro infection with Ad-CFTR, CFPAC-1 
cells exhibited a significant increase in forskolinrstim- 
ulated CI* permeability (Figure 3F). indicating correction 
of the CF epithelial cell phenotype and. thus, the function 
of the Ad-CFTR-directed product. Of note is the small in- 
crease in basal ^Cl" efflux in both cell lines only when 
infected with Ad-CFTR (but not Ad-a 1 AT, an irrelevant 
cDNA virus control). One possible explanation for this phe- 
nomenon is that these cells express more CFTFl protein 
than uninfected cells, and their basal CI" permeability may 
be increased due to an increase in the absolute number 
of CI" channels. 

Expression of Ad-CFTR-Otrected Human CFTR 
mRNA in Bronchial Epithelium In Vivo 
Following intratracheal administration of Ad-CFTR in cot- 
ton rats in vivo, the presence of human CFTR mRNA tran- 
scripts could be detected in bronchial epithelium by in situ 
hybridization analysis using a ^S-labeled human CFTR 
cRNA probe (Figure 4). Control animals not infected with 
Ad-CFTR did not show hybridization with the antisense 
probe (Figure 4A). In contrast, hybridization of the anti- 
sense probe demonstrated expression of human CFTR 
mRNA sequences diffusely throughout the airway epithe- . 
lium and subepitheltum of animals infected with Ad-CFTR 
(Figures 4C, 4E, and 4G). As a further control, the sense 
probe did not show hybridization in bronchial tissues from 
either uninfected (Figure 4B) or Ad-CFTR-infected cotton 
rats (4D, 4F, and 4H). The absence of hybridization with 
the sense probe in the lung of Ad-CFTR-infected animals 
also indicated that residual Ad-CFTR DNA (which might 
theoretically be present in the tissue) was not detectable. 
Quantitative evaluation of the expression of human CFTR 
mRNA in the epithelium, compared with the subepithelial 
after aoenovirus-mediated human CFTR gene transfer, 
demonstrated that the average signal over the epi;heiium 
obtained with the antisense probe was 1.6 times that over 
the subepithelium (p = 0.025). (All statistical comparisons 
were made using the two-tailed Student's t-test.) 

Specificity and Chronicity of Expression of Human 
CFTR mRNA Transcripts Following 
In Vivo Infection 

To further confirm the detection of human CFTR mRNA 
transcripts in the lungs of cotton rats infected with Ad- 
CFTR. a strategy was employed which allows detection of 
only those transcripts with contiguous viral and human 
RNA sequences expected to be directed by Ac-CFTR. 
This was accomplished by amplification of Ad-Cr ■ R 
mRNA (after conversion to cDNA) using the polymerase 
chain reaction (PCR) with two pairs of primers: an ader.r.i- 
ral sense primer for viral sequences 5' to the viral.*".. - ar. 
CFTR junctional sequences and an opposing — ^_- r ' 
CFTR cDNA antisense primer located within rv-.-.a" - - ■-- 
exon 5. and a human CFTR cDNA sense pr : .- = * ztv-: 
within exen 21 and a viral antisense primer *r-r 5". '-" - • * 
— cje-t^s y r.o r.;r.i3~/viral .~:- : A ;*-""' 
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Figure 3. In Vitro Evaluation of the Form and 
Function of the Human CFTR Protein Directed 
by Ad-CFTR 

(A) De novo biosynthesis of human CFTR. Cells 
were infected, labeled with [ M Slmethionine. 
and evaluated for ^S-labeled CFTR by immu- 
noprecipitation as described in Experimental 
Procedures. Lane 1: uninfected 293 cells: lane 
2: 293 cells after infection with Ad-CFTR; lane 
3: CFPAC-1 cells infected with the control virus 
Ad-<i1AT; lane 4: CFPAC-1 cells infected with 
Ad-CFTR. The major 165 kd CFTR protein and 
minor 141 kd bands are indicated. 
(B-F) Evaluation of the functional ability of Ad* 
CFTR-derived human CFTR to modulate 
(orskolin-stimulated CI" permeability. *CI* ef- 
flux was evaluated at rest (basal) and after stim- 
ulation (forskolin) as described in Experimental 
Procedures. The data are presented as a per- 
centage of CI" remaining in cells at each time 
point under basal or forskolin-sttmulated condi- 
tions: each data point represents the mean of 
separate determinations (for each data point in 
B, C, and E. n » 3: in 0 and F. n « 4). Evalua- 
tion of forskolin-stimulated CI" efflux in 293 hu- 
man embryonic kidney cells before and after 
infection with Ad-CFTR is shown for uninfected 
293 cells (B) and 293 cells infected with 
Ad-CFTR (C). Ad-CFTR correction of the Cl" 
efflux defect in epithelial cells derived from an 
individual homozygous for the O.F508 CFTR 
mutation is shown for uninfected CFPAC-1 
cells (0), CFPAC-1 cells infected with Ad-a 1 AT. 
as a negative control (E). and CFPAC-1 cells 
infected with Ad-CFTR (F). 
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sequences were being detected and to exclude detection 
of potentially contaminating Ad-CFTR DNA, RN A samples 
were exposed to DNAase I prior to conversion of purified 
RNA to cDNA and subsequent PCR, Furthermore, each 
sample was evaluated in the absence or presence of re- 
verse transcriptase. Ad-CFTR-directed human CFTR tran- 
scripts were detected using the 5' region primer pair after 
Ad-CFTR infection, but not in uninfected animals or after 
Ad-dl3l2 infection (Figure 5B). In the absence of reverse 
transcriptase, none of the samples amplified CFTR mRNA 
sequences. As a control, rat glycera!dehyde*3-phosphate 
dehydrogenase mRNA transcripts were detected in rat 
lung total RNA in all samples after incubation with reverse 
transcriptase, but not in the absence of reverse tran- 
scriptase (Figure 5C). 

The chrcnicity of Ad-CFTR-directec CFTR mRNA ex- 
pression was demonstrated in cottcn rat lung evaluated 
2. 4, and 6 weeks aner in vivo infeciicn with Ac -CFTR. 
Ad-CFTR-direoied transcripts were observed at all times 
wi:h tr.e 5' recicn amplification (ric/j;e 50) and aiso with 
:he X rec-icn arricJifica-lc.n (5E). !n ;r.? rcser.ce c: reverse 



Consistent with the PCR evaluation. Northern analysis 
of lung RNA showed Ad-CFTR-directed human CFTR 
mRNA transcripts of a size similar to that directed by 
Ad-CFTR in cultured cells (Figure 2, lanes 4 and 7). in total 
lung RNA at 2 days (Figure 6, lane 3) and up to 42 days 
(Figure 6, lane 4) after in vivo infection of cotton rats by 
intratracheal instillation of Ad-CFTR. but not in uninfected 
animals (Figure 6, lane 2). Quantitative evaluation of the 
level of human CFTR expression demonstrated that the 
signal intensity at 42 days was 42% of that at 2 days. After 
very long exposure times, transcripts larger than Ad- 
CFTR-derived transcripts were detectable in uninfected 
and Ad-dl312-infected animals; this likely represents the 
cotton rat endogenous CFTR transcripts (data not shown). 
Levels of rat glyceraldehyde-3-phosphate dehydrogenase 
transcripts were similar for all lung samples (data not 
shown). 

Detection of Human CFTR Protein after In Vivo 
Adencvirus-Mediated Gene Transfer 
-Imrr.u.nchislochemical evaluation with an . ar.ti-human 
Z F"P. anubccy demons; raj eo" humsn CFTR prc;-r'r. -n cc-i- 
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Figure 5. Evaluation of the Specificity and Chronicity of Human CFTR Gene Expression in Cotton Rat Lung Following In Vivo Infection with Ad-CFTR 
(A) Schematic of a ponion of Ad-CFTR showing the Ad-CFTR-derived CFTR mRNA transcript and the location of primer pairs used to identify the 
Ad-CFTR-cirecteo mRNA transcripts specifically. Ad-CFTR ONA sequences shown include (from left): adenoviral expression cassette sequences 
including tne major late promoter (MLP), the human CFTR cONA coding seouence (CFTR exons are indicated by numbers below Ad-CFTR) and 
the remainaer of the adenoviral vector genome. The Ad-CFTR transcript 5' amplification primer pair consists of a 5' viral-specific sense primer and 
a 3' human CFTR cONA-specific antisense primer. The 3' primer pair consists of a 5* human CFTR cON A-specific sense primer and a 3' viral-specific 
annsense primer. Also shown are the sizes of the expected amplification products and the -nested" probes used to detect specifically amplified 
Ad-CFTR transcripts. mRNA was converted to cONA and amplified as described in Experimental Procedures. 

(B-E) mRNA transcripts- in conon rat lung following in vivo infection with Ad-CFTR. and indicate the absence and presence of reverse 
transcriptase (RT), respectively, in cONA synthesis reactions. The sizes of expected amplification products are indicated in each panel. (B) Evaluation 
of the 5* region of Ad-CFTR-directed mRNA transcripts. Lane 1: uninfected conon rat lung RNA without RT; lane 2: with RT; lane 3: 2 days after 
infection w.tn Ad-dl3i 2. without RT; lane 4: with RT; lane 5: 2 days after infection with Ad-CFTR. without RT; lane 6: with RT.'(C) Evaluation of rat 
Slyceralder.yoe-3-phosphate dehydrogenase (GAP OH) mRNA transcripts. Lane 7: uninfected cotton rat lung RNA, without RT; lane 8: with RT;.lane 
9: 2 days a^er infection with Ad-dl3l2. without RT; lane 10: with RT; lane 11:2 days after infection with Ad-CFTR. without RT; lane 12: with RT. 
(O) Evaluation of the 5' region of Ad-CFTR-derived CFTR mRNA transcripts in conon rat lung after infection with Ad-CFTR. Lane 13: 2 weeks after 
injection, w.irvout RT; lane 14: with RT; lane 15: 4 weeKs after infection, without RT; lane 16: with RT: Jane 1 7: 6 weeks after injection, without RT; 
!ane 18: v.-:.-. P.T. (Ej 3' region amplification ol CFTR in cortcn rat lung after m:*ct:cn wiin Ad-CFTR. Lane 19: 2 weeKS after m!ec;iGn. wiihcut RT* 
lane 20: v,-ir. nT; iane Z\ \ 4 weeks ar.er infection, without RT; lane 22: w.:h RT. !ar.e 23: 6 weeks a~er infection, without F.7; lane 24: with RT. 
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Figure 6. Evaluation of Human CFTR mRNA Transcripts after In Vivo 
Ad-CFTR Inleciion of Cotton Rat Lung 

Shown is a Northern analysis of total cellular RNA from cotton rat lung 
(10 ug per lane) evaluated with a 4.5 kb human CFTR probe. Lane i: 
uninfected T84 cells as a positive control; lane 2: uninfected cotton rat 
lung; lane 3: cotton rat lung 2 days after infection with Ad-CFTR; lane 
4: conon rat lung 42 days after infection with Ad-CFTR. The 6.5 kb 
endogenous human CFTR mRNA transcript is indicated (lane 1). as 
is the 5.2 kb Ad-CFTR-directed CFTR mRNA transcript (lanes 3 
and 4). 



chea! installation of Ad-CFTR (Figure 7). As a control, the 
anti-CFTR antibody demonstrated human CFTR protein 
in T84 cells (a cell line known to express CFTR; Figure 
7 A). Human CFTR was not found in uninfected cotton rat 
respiratory epithelial cells evaluated in vitro (Figure 78). 
but was present in cotton rat respiratory epithelial cells 
infected in vitro with Ad-CFTR (7C). Human CFTR protein 
was not detected in conon rat respiratory epithelium of 
uninfected animals (Figures 7D and 7E) or animals in- 
fected with the control virus Ad-dl312 (7F)- Importantly, 
human CFTR protein was detected in cotton rat respiratory 
epithelial cells 11-14 days after in vivo infection with 
Ad-CFTR (Figures 7G-7K), but not when the primary anti- 
body was omitted (71) or when the primary antibody was 
replaced by an irrelevant antibody of the same antibody 
subclass (data not shown). 

Discussion 

This study presents a strategy for gene therapy for the 
respiratory manifestations of CF using the direct transfer 
of the normal human CFTR cDNA to the respiratory epithe- 
lium in vivo utilizing a recombinant, replication-deficient 
adenoviral-based vector. The rationale of this approach is 
based on several facts, including the following: the lethal 
manifestations of CF involve the respiratory epithelium 
(Boat et al., 1989). the CFTR gene is expressed in airway 
epithelial cells (Jefferson et al., 1990; Yoshimura et al.. 
1 99 1 a; Chu ei al.. 1991; Trapnell el al.. 1991 b). the respira- 
tory manifestations cf CF do not recur following trans- 
plantation of a normal ;ung into a CF individual (de Level 
r.r 5 ! 1 3S* ). tns defective cAMP-mediated C!~ permeacil- 

r,±\:?\ Ccrilc Ue.'r/eO nOfT. InciviCUal S w".n Or zm 



be restored by transfer of a normal human CFTR cDNA 
into the cells (Drumm et al.. 1990; Rich et al.. 1990). the 
complex anatomy of the human airway epithelial surface 
precludes the approach to gene therapy of removing de- 
fective cells for in vitro gene transfer of a normal gene and 
reimplantation of these cells (Weibel. 1991). and the slow 
rate of respiratory tract epithelial cell turnover favors a 
vector (such as adenovirus) that does not_ require host cell 
proliferation for recombinant gene expression (Berkner, 
1988; Evans and Shami, 1989). 

Several observations in the present study suggest that 
this. approach is feasible. In vitro studies demonstrated 
that Ad-CFTR was capable of directing the synthesis of 
intact, functional CFTR protein. In this regard, in human 
embryonic kidney 293 cells (ceils that normally do not ex- 
press detectable CFTR mRNA transcripts by Northern 
analysis nor demonstrate cAMP-mediated CI" permeabil- 
ity as evidenced by M CI' efflux studies) and in CFPAC-1 
cells (a human pancreatic epithelial cell line derived from 
a AF508 CF homozygote that expresses CFTR mRNA 
at low levels detectable by PCR and expresses the "CF 
phenotype." i.e. , does not secrete CI* in response to cAMP 
(Schoumacher et al., 1990]), infection with Ad-CFTR re- 
sulted in detectable de novo biosynthesis of CFTR mole- 
cules and conveyed to these cells the ability to increase 
CI" permeability in response to elevations in cAMP. Follow- 
ing in vivo respiratory tract infection with Ad-CFTR. in situ 
hybridization analysis demonstrated Ad-CFTR -derived 
human CFTR mRNA expression in the respiratory epithe- 
lium, which is a site of the CF epithelial cell CI" secretory 
defect (Knowles et al., 1981, 1983; Frizzell etal.. 1986; Li 
et al.. 1988; Jetten et al., 1989; Boat et al., 1989; Hwang 
et al.. 1 989; Rich et al.. 1 990; Zeitlin et al., 1 991 ) and where 
the CFTR gene is expressed (Yoshimura et al.. 1 99 1 a; Chu 
et al.. 1991; Trapnell et al. t 1991b). Furthermore, human 
CFTR mRNA transcripts were detected in conon ra; lungs 
for up to 6 weeks. Finally and most importantly, human 
CFTR protein was detected in cotton rat respiratory epithe- 
lium after in vivo Ad-CFTR infection. The localization of 
the human CFTR appears to be primarily intracellular 
rather than on the cell surface. Additional studies wiil have 
to be carried out to determine the exact location of the 
Ad-CFTR-directed gene product. 

Requirements for Ad-CFTR-Directed Human CFTR 
Gene Therapy* 

While the present study demonstrates that it is possible to 
use an adenoviral vector to transfer a recombinant normal 
CFTR cONA to the lung, where it is expressed for at least 
6 weeks, several questions have to be addressed in the 
context of applying this therapy to individuals with CF. 

First, decisions will have to be made about the threshold 
levels of expression and the specific epithelial eel! targets 
necessary to reverse the disease process. It is fcr.ov. n that 
individuals heterozygous for the normal and ccrr.rr.cn ab- 
normal ^F508 CFTR alleles are clinically well anc excess 
both alleles in the respiratory epithelium ec'ja«> a: the 
mRNA level (Trapnell et al.. 1991b). Quanti-s^. * r.-^s 
show thai CFTR mRNA is expressed in :ov/ c-c . - : - : 
a :- - _r ccc-'C-s pe: ceil cn ^v^r^ce •:>.•=: " -'" - ' ■ ~* v *' 




figure 7. lmmunoh;stochemical Localization of Human CFTR after In Vive infection of Cotton Rat Lung with Ad-CFTR 

Shown are cytocenuifuge oreparations of various controls and of cells obtained i>y cyfciccic -*ush from co:*.on rat respirator/ :.*ac: cctair.ed 1 1- 
K cays after AdCrTR intratracheal instillation, trr.munoreactivity to human Cf7H using a pn-r.ary mouse ani;-humar. CFTR mor»sc:or;£. ani : t-or,v 
ts indicated by a red color, an.'; coll nuclei acsear olue as a resuit of hemaicsy;:.* cGjn:ers'.£:n:ra. (A) Control 75- colcn eoithdiai ceils ( r. * COCi. 
(3) Cc::on ra: a:r*oy opitr.enai ceils, uninfect : x '.COOJ. (C) Same as (B). £u; r:e ::c-C :r. wi!n A^-Cr7R( ;< tCOC). (0) Co:;on rat £:.-.va v -:i 
ce;:s r.-cm an uninfected animal. -.4 days a::*: -.st-'aiion o! t.'.e vrus cialys.s :_r:V \ :< :£': Sir::.,'ar :o-:0). ! : :cvc ;::er .oce:v:n; PES ■ ■ Cr.v 
= ~; C:-;cn rv o : .-.%.- .* ?r:.\r.V ii z -^z *f;m sr: -_r. rr.r : \ • t oavs i^er r.'eciior. ;.v.:"C : -* -i -r-:l3:j ■; < * .CO', fo'. C ..ittn rv, zir.-.-z ■ «: * -- 
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epithelium, and indirect evidence suggests that the CFTR 
gene is likely expressed in the ciliated cell, the predomi- 
nant cell type found in this epithelium (Trapnell et al., 
1991b). Together, this evidence leads to the working hy- 
pothesis that gene therapy for CF will require only low-level 
expression of the normal CFTR to correct the defective 
physiology in the airway epithelium. Consistent with this 
concept, complementation studies in which the normal 
CFTR cDNA has been transferred with a retrovirus in vitro, 
to correct the abnormal CF CI* secretory phenotype in 
epithelial cells derived from an individual with CF, suggest 
that low-level expression of the normal CFTR gene is suffi- 
cient (Drumm et al., 1990). Consequently, the observa- 
tions that Ad-CFTR-directed human CFTR mRNA tran- 
scripts can be detected by in situ hybridization, PCR, and 
Northern analysis in cotton rat lung after Ad-CFTR infec- 
tion in vivo, and that human CFTR protein can be detected 
in airway epithelial cells recovered from these animals, 
suggest that this approach could provide adequate ex- 
pression to complement the abnormal CFTR gene expres- 
sion in respiratory epithelium of CF individuals. In regard 
to delivery to specific cell types, in situ hybridization analy- 
sis of Ad-CFTR-infected animals suggests that the major- 
ity of the Ad-CFTR expression in the airway is in the epithe- 
lium, consistent with the known site of expression of 
defective CI" permeability in CF. It is not clear which cells 
in the subepithelium are expressing the Ad-CFTR product. 
As the CFTR gene is expressed in a broad range of human 
cells (Yoshimura et al., 1991b), this could represent natu- 
ral sites of rat lung expression (Tresize et al., 1991). The 
paucity of submucosal glands and the abundance of epi- 
thelial surface secretory cells in rodents compared with 
humans hinders a direct comparison between exogenous 
CFTR expression in these animals and the endogenous 
expression of CFTR in the lungs of normal humans. 

Second, while low levels of expression of CFTR in most 
airway epithelial cells will likely correct the abnormal CF 
phenotype, the consequences of excess expression of the 
normal CFTR gene in these cells are unknown. In vitro, 
overexpression with a vaccinia vector corrects the CF CI" 
secretory phenotype in a fashion similar to that of low-level 
expression with retrovirus (Rich et al., 1990; Gregory et 
al., 1 990). and as shown in the present study, similar to the 
level of expression achieved with the adenovirus vector. 

Third, the safety of the viral vector system is important. 
In this regard, the Ad-CFTR recombinant adenoviral vector 
was constructed to be replication deficient by removal of 
E 1 a and the majority of E1 b structural genes. As might be 
expected from the natural tropism of adenovirus for human 
respiratory epithelial cells, Ad-CFTR can readily infect hu- 
man respiratory epithelial cells (Straus, 1984; Rosenfeld 
et al., 1 99 1 b). but once inside these cells, the vector should 
not replicate autonomously. This inability to replicate limits 
;he recombinant adenoviral infection to those epithelial 
ce;!s infected initially; in contrast, wild-type adenovirus is 
capable of ly-ic infection cf r.es: cells, which is character- 
ized by viral seii-replica-icn and injection of surrouncing 
ts'ls. By rendering Ad-CFTR replication cencien-. the 
tzzi import- r.i r : -3^a::ve zor :f cjence c; adenoviral 



machinery of the host cells should not be dominated by 
viral replication, as is the case with a replication- 
competent virus. One potential problem with recombinant 
vectors made from E1 a deletion mutants is. the possibility 
that the host cell could overcome their defective replication 
by providing the Ela function in trans, thus allowing viral 
replication, albeit at a lower level than seen with wild-type 
adenovirus. Alternatively, a concurrent wHd-type adenovi- 
rus infection could result in recombinant adenoviral repli- 
cation, either by complementation or by a recombination 
event. 

Fourth, a rational strategy for gene therapy for CF re- 
quires consideration of whether the newly introduced 
CFTR gene will need to be regulated or whether constitu- 
tive expression will be sufficient. The structural features of 
the CFTR gene promoter place it in the housekeeping 
class, implying that its expression may be constitutive 
(Yoshimura et al.. 1 991 a). However, the presence of multi- 
ple potential binding sites for known transcriptional regula- 
tory factors suggest that it may also be regulatable, and 
modulation of CFTR gene expression has been demon- 
strated in vitro (Yoshimura et al., 1991a; Trapnell et al.. 
1991a). As these questions are yet unanswered, for now 
our current vectors utilize a constitutive promoter. How- 
ever, if regulation of Ad-CFTR-directed CFTR expression 
is important, a vector with the CFTR promoter could be 
used. 

Finally, the adenovirus has advantages as a vector sys- 
tem in gene therapy of CF with regard to respiratory epithe- 
lial tropism, ease of producing high titer recombinant virus, 
high infectivity rate, and no dependence on target cell 
proliferation. It is not known what proportion, if any, of the 
recombinant DNA is integrated into the genome of the 
target cells; thus the persistence of expression is un- 
known. However, because human CFTR transcripts can 
be detected in cotton rat lung for up to 6 weeks after a 
single instillation of Ad-CFTR, this may not be an imponant 
problem. Once the threshold level of CFTR expression 
necessary for normal function is known, if Ad-CFTR- 
directed expression is insufficient, barring safety problems 
regarding the antigenicity of the vector, the easy access 
of the airway epithelial surface should permit repetitive 
delivery. 

Experimental Procedures 
Cell Cultures 

The transformed human embryonic kidney cell line 293 'America.-. 
Type Culture Collection (ATCC] CRL 1573 [Graham et al.. 1S77]) was 
grown in Improved minimal essential medium (Biofluids) ccn'.ainir.g 
10% fetal bovine serum (FBS), 2 mM glutamine. 50 U/ml penicillin, 
and 50 pg/ml streptomycin. CFPAC-1 cells, originally derived Iron 
a pancreatic adenocarcinoma of an individual homozygous for me 
common &F508CF mutation (Schoumacher et aJ.. 1990), were grown 
in Oulbeccos modified Eagle's medium (DM EM, Biofluids) with supple- 
ments as above. The human colon adenocarcinoma ce ;: '.Ir.e Tr*4 
(ATCC CCL 248) was cultured as for CFPAC-1 cells, excer. w;;n t : - 
FBS. 

Construction of the Recombinant Adenoviral Vector A z - C R 
The recombinant adenovirus Ad-CFTR was construct ec •:* ~ " . : = ■ 
rcv*r;;s ;yie 5 i>d 5) drieiion mutant. Ad-c!32i iThimrr..-*. : t ~ ■ ~ - - 



(all from Ad 5); the major late promoter and the majority of the tripartite 
leader sequence cONA (both from Ad 2); the 4.5 kb human CFTR 
cONA. including the entire protein coding sequence (from nucleotide 
123 to 4587; see Hiordan et at.. 1989. (or sequence numbering) with 
minor sequence differences, which include a silent mutation (T— - C at 
nucleotide position 1227). a known polymorphism (A|MetJ— G[Val] at 
nucleotide position 1540 (Kerem et al., 1990)). and two changes from 
the original description of the sequence (A— C at nucleotide position 
1990 and C^Tat nucleotide position 2629 [Riordan et al.. 19891) P r °- 
duced from oligo(dT)-primed cONA and PCR-amplified cDNA frag- 
ments derived from human lung poly(A)* RNA. and propagated without 
rearrangement in the E. coli strain 8J5183 (Hanahan. 1983); the SV40 
early polyadenylaiion signal; and the Ad 5 sequences from nucleotide 
positions 3329-6241. pTG5955 was linearized by Cla! cleavage and 
cotransfected with the large fragment ol Clal-cut Ad*dl324 DNA into 
293 cells to allow homologous recombination to occur, followed by 
replication and encapsidation of recombinant adenoviral ONA into in- 
fectious virions and the formation of plaques. Individual plaques were 
isolated and amplified in 293 cells . viral DNA was isolated (Hirt, 1 967). 
and recombinant adenovirus plaques containing the human CFTR 
cDNA (Ad -CFTR) were identified by restriction cleavage and Southern 
analysis. Ad-CFTR and the control viruses Ad-a 1 AT (Rosenfeld et al., 
1991a) and the Ela deletion virus Ad-dI3l2 (Jones and Shenk. 1979) 
were propagated in 293 cells and recovered 36 hr after infection by 5 
cycles of Ireeze/thawing. All viral preparations were purified by CsCl 
density centrifugation (Graham and Van Oer Eb, 1973). dialyzed. and 
stored in virus dialysis buffer (10 mM Tris-HQ [pH 7.4], 1 mM MgCI,) 
at 4*C for immediate use or. with the addition of 10% glycerol, at 
-70°C prior to use. Tilers of the viral slocks were determined by plaque 
assay using 293 cells (Graham and Van Oer Eb. 1973; Graham et al.. 
1977). 

In Vitro and In Vivo Infection with Ad-CFTR 
For in vitro infection. 293 or CFPAC-1 cells were trypsinized. counted, 
and seeded (10 cm plates [4.5 x 10* cells per plate) lor evaluation of 
CFTR mRNA or synthesis of CFTR protein; 6 cm plates (5.0 x 1 0* cells 
per plate) lor evaluation of CI" permeability in response to forskolin) and 
infected with Ad-CFTR. Ad-dl3l2. or Ad-a 1 AT (200 plaque-forming 
units |PFU| per cell tor CFPAC-1 cells; 50 PFU per cell for 293 cells). 
After 18-24 hr (for 293 cells) or 48 hr (lor CFPAC-1 cells), cells were 
evaluated lor the presence of CFTR mRNA. synthesis of CFTR protein, 
and CI* permeability in response to forskolin (see below). For in vitro 
infection of respiratory epithelium, cotton rats (Sigmodon hispidus) 
were sacrificed and the lungs and trachea were isolated by a midline 
thoracic incision. Cells were obtained by cytologic brush and infected 
as previously described (Rosenfeld et al.. 1991a). For in vivo studies, 
conon rats were anesthetized by methoxytluorane inhalation. The tra- 
chea was exposed by anterior midline incision, and i0'° to 5 x 10*' 
PFU of Ad-CFTR or Ad-dl312 was instilled into the trachea in a total 
volume of 300 jil. For virus stored at -70 C C. the diluent was 
phosphate-buffered saline (PBS) (pH 7.4). An equal volume of PBS 
(with glycerol at the same final concentration contained in the diluted 
virus used (or the infection) was instilled in other cotton rats as an 
accitional negative control. Virus used immediately after dialysis was 
not diluted, and thus, corresponding control animals received an equal 
volume of the virus dialysis buffer containing 10 mM Tris-HCI (pH 7.4). 
1 mM MgCl,. 

Northern Analysis of CFTR mRNA Transcripts 
For in vitro infection experiments, total RNA was isolated from 293 
cells or CFPAC- 1 cells (at 20 and 4.8 hr afier adenoviraJ vector infection, 
respectively) or as a control, from uninfected subconfluent T84 cells, 
using the guanidine thiocyanate-CsCI technique (Chirgwin et at.. 
1979). For in vivo studies, cotton rats were evaluated 2 days to 6 
weeks after infection and the lungs were isolated as described above. 
Following exsanguination by cardiac puncture, the lungs were lavaged 
twice, the pulmonary aner/ was perfused with P3S. the lungs and 
trachea were resected and mmced. dra 'otallung RNA was extracted 
(CMrgwin et al.. 1S79; Rcser.ieic et al.. iSSia). 

R.'JA was succeed r .c :o:rnitcer.y;»-acarcse eel electrophoresis. 
!rar.s:-?rr ec to a nyion m-iT.trane f Nyt.-ar.. Sc!*icna.' 3 Scnuell). V/crtd- 



(Yoshimura et aL. 1 99 1 a). As a control, the same membrane was sub- 
sequently hybridized with either a human &-actin cONA probe (pHFpA- 1 ; 
Gunning et al.. 1983) lor cultured human cells or a rat glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) cDNA probe (Tso et al.. 1985) 
for rat lung RNA. The relative amount of human CFTR mRNA at 6 
weeks compared to 2 days was quantified by laser densitometry. 

In Vitro Evaluation of the Function of Ad-CFTR-Derlved 
Human. CFTR 

In vitro synthesis of human CFTR was evaluated in 293 and CFPAC-1 
cells after Ad-CFTR infection. Cells were incubated in labeling medium 
(methionine-free medium containing ("SJmelhionine (500 uCi/mt, 
1000 Ci/mmol. New England NuclearJ during the entire infection pe- 
riod. After infection (24 hr for 293 cells; 48 hr for CFPAC-1 cells), cells 
were washed twice in PBS and solubilized at 4°C in lysis buffer (PBS 
containing 10 mM ethylenediaminetetraacetate. 1% Triton X-100. 
0.5% sodium deoxycholate. 200 ug/ml aprottnin. 100 ug/ml leupeptin 
(both from Boehringer MannheimJ. and 2 mM phenymethylsulfonyl 
fluoride |PMSF. Sigma)). The cell lysate was frozen (-70°C for at least 
30 min). thawed, and clarified by centrifugation (1 2.000 g. 4°C, 30 min). 
Human CFTR synthesis was then evaluated by immunoprecipitation of 
Ji S*labeled human CFTR. SDS-polyacrylamide gel electrophoresis, 
and ftuorography (Mornex et al., 1986; Rosenfeld et al.. 1991a). To 
accomplish this, equal amounts of total trichloroacetic acid prectpita- 
ble radioactivity (3 x 10' dpm for all 293 cell samples, 30 x 10* dpm 
for all CFPAC- 1 cell samples) were immunoprecipitated using a mouse 
anti-human CFTR monoclonal antibody (Genzyme). 

To demonstrate that the Ad-CFTR vector was capable of directing 
the expression of functional CFTR protein, forskolin-stimulated Cl* 
permeability was evaluated in cells that do not normally exhibit cAMP- 
mediated CI' permeability (293 cells) or in human epithelial cells de- 
rived from an individual with CF (CFPAC-1 cells, a cell line with homo- 
zygous expression of the AF508 CF mutation (Schoumacher et al.. 
1 990)). To accomplish this, at 1 8 hr (293 cells) or 46 hr (CFPAC-1 cells) 
after infection with Ad-CFTR. CI" efflux was evaluated (Trapnell et al.. 
1991a). Briefly, monolayers of 293 or CFPAC-1 cells were washed 
twice with Ringer's lactate and loaded with *C1" (2.5 uCi/ml; >3 mCi 
per gram of CI" (Amersham); 2 hr, 37°C) and then washed rapidly with 
3 ml aliquots ( x 6) of Ringer's lactate buffer. *CI' efflux was measured 
by sequentially removing and replacing buffer (0.9 ml aliquots) at vari- 
ous time intervals for up to 7.5 min. The cells were then removed from 
the dish with 0.9 ml of 0.25% trypsin (Biofluids). and the amount of "Cl- 
in the efflux aliquots and cells was determined by liquid scintillation 
counting. The total radioactivity loaded into cells was calculated from 
the sum of the individual efflux time points plus that remaining in cells 
at tr.e end of the sampling period, and the Ct" efflux data were plotted 
for each time point as *CI" remaining in cells as a percentage of total 
*Cr initially loaded into cells. Forskolin-stimulated CI" permeability 
was evaluated by adding 13 uM forskolin (Sigma) to the sampling 
buffer used for collection of the efflux samples. 

Analysis of CFTR mRNA Expression by In Situ Hybridization 
Conon rat lungs and trachea were isolated as described above. After 
blooo was removed by cardiac puncture, the lungs were fixed with 4% 
paraformaldehyde (PFA. Fluka) infused into the trachea and pulmo- 
nary artery, and cryostat sections (7- 1 0 urn) were prepared and stored 
frozen (-70°C) until use. Immediately prior to hybridization, cryostat 
sections were sequentially treated with 0.2 M HCI and 1 ug/ml protein- 
ase K. Three different sets of human CFTR *S-labeled sense and 
antisense cRNA probes were synthesized in vitro from plasmid tran- 
saction vectors (pGEM, Promega) with ( B S)UTP (1 mCi, 800 Ci/mmol, 
SP6/T7 grade; Amersham) by standard techniques. Each pGEM CFTR 
vec:or contained a different region of human CFTR cONA (exons 
1 -5, 9-1 3, or 21 -24). The antisense and sense probes were combined, 
respectively, and hydrolyzed. and the lung tissue sections were then 
hyb.'icized (12 hr. 50°C) with the labeled cRNA probes (1.2 x 10 s dpm/ 
Lung tissue seciicns were then washed, treated with RNAase A 
tzO -:c -i. S ; gmaJ. wasned. dehycrated. and evaluated by autoracicg- 
racr.v po days) ano counterstaineo with hematoxylin and eosin 
.;Har-er at al.. I9c5: Sernaudin et ai., 1988. Rosenfeid et al.. :S9;3). 
.-.t'E;.- ^ -?x;r«ss.C-*". cf human CF7R rr.RNA in eo:thsiium versus suc- 
=_-n vas ;rec bv cz.-- j.atxc the rr.'-an r.umcar i* ipv;* 
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each (defined as number ol silver grains in cell-free areas), and ex- 
pressing this value as a ralio of expression in epithelium versus subepi- 
thelium. 

Detection of CFTR mRNA Transcripts Using the Polymerase 
Chain Reaction 

Ad-CFTR-directed CFTR mRNA transcripts were evaluated in rat tung 
RNA(prepared as above) after conversion to cONA. PCR amplification, 
and Southern hybridization analysis. RNA was first treated with 
ONAase (10 U per m9 of RNA; RNAase-free RQ1 DNAase. Promega) 
lo eliminate possible residual viral ONA. RNA was then converted to 
cDNA by standard techniques using Moloney murine leukemia virus 
reverse transcriptase with random hexanucleotide primers (Roth et al.. 
1985) and amplified by PCR (25 cycles) and Taq ONA polymerase 
(Perkin Elmer Cetus (Saiki et al., 1988]). To ensure that Ad-CFTR* 
driven transcripts were specifically evaluated and that the 5' and 3' 
portions of the mRNA transcripts were present, two separate primer 
pairs were used: a 5' primer pair to detect the 5' end of Ad-CFTR mRNA 
transcripts consisting of an adenoviral-specific sense primer in the 
tripartite leader sequence (VAD-5; S'-AGCTGTTGGGGCTCGCGG- 
TTGAGG-3') and a human CFTR-specific antisense primer in CFTR 
exon 5 (HCF60; 5 , -CATCAAATTTGTTCAGGTTGTTGG-3 < ). and a 3' 
primer pair to evaluate the 3' end of Ad-CFTR mRNA transcripts con- 
sisting of a human CFTR-specific sense primer in CFTR exon 21 
(HCF12: 5'-AGTGGAGTGATCAAGAAATATGG-30 and an SV40 viral- 
specific primer in the SV40 early mRNA polyadenylation signal se- 
quence (SVPOLYA; 5'-GTAACCATTATAAGCTGCAATAAAC-3' (Fiers 
et al.. 1978)). As a control, rat GAPOH transcripts corresponding to 
amino acid residues 126-300 were amplified under similar conditions 
using GAPOH transcript-specific primers (GAPOH-1; 5'-AATGCA- 
TCCTGCACCACCAACTGC-3' and GAPOH-2; S'-GGAGGCCATGTA- 
GGCCATGAGGTC-3' [Tso et al.. I985p. Each DNAase-trealed RNA 
sampte was also used as a PCR template in parallel without conversion 
to cONA. to eliminate the possibility that amplification of potentially 
contaminating virai ONA occurred. PCR amplification products were 
evaluated by agarose gel electrophoresis followed by Southern hybrid- 
ization using nested or internal »P-labeled human CFTR cONA probes 
(a 462 bp Pvull-Xbal fragment spanning exons 2-5 (Riordan et al. 
1989] for the 5* region amplification products, or a 200 bp fragment 
spanning exons 22-23 [Riordan et al.. 1989; Yoshimura et al.. 199 la: 
Trapnell et al. 199U| for the 3' region amplification products) or an 
internal rat GAPOH cDNA probe (a 281 bp 8anll fragment within the 
amplified GAPOH transcript region described above ITso et al.. 1 985)). 

Immunohistochemical Detection ol the Human CFTR Protein 
after In Vivo Infection with Ad-CFTR 

Human CFTR was evaluated in cy.ccentnfuge preparations of cotton 
rat tung epithelium infected in vitro or obtained from cotton rat lung 
11-14 days after in v lv o Ad-CFTR intratracheal instillation using the 
alkaline phosphatase monoclonal anti-alkaline phosphatase (APAAP) 
method (Cordell et al.. 1984) ano anti-human CFTR antibody 
(Genzyme) with minor modifications. 8riefly. lor in vitro studies, cells 
were collected 48 hr after in vitro mfection with the recombinant 
acenov.rus and resuscended in Han^.s oalanced salt solution (HBSS. 
Meciatech) supplemented w.th 2V? heat-inactivated fetal calf serum 
(Biofluids). and cytoprep slides were prepared by cytocentrifugation 
(450 rpm. 3 min). For the in vivo studies, the airway epithelial cells 
were obtained from conon rats as described above and immediately 
cytocentnfuged. As controls. T84 cells were trypsinized and prepared 
in the same manner. Air-<Jried slides were evaluated immediately or 
storea at -70°C until evaluation. Cytopreps were fixed in acetone for 
1 0 mtn at -20°C and air-dried. Cells were first incubated with a mouse 
anti-human CFTR monoclonal antibooy raised against a CFTR exon 
1 3-C-galactcsidase fusion protein (1 ug/ml, Genzyrr.e) in the presence 
of protease innibitors (100 uc/ml aprotinin, 50 pg/ml leupeptin, 15 
ug/rr.l cnyrr.ostatm, 0.575 mM phenyimethylsulfonyl lluorioe (all from 
Ecehrtr.ger Mar.nhe:n). 7.5 uQ/rr.l pesstatin [Cal Biochemj, 1.5 mM 
p-emocbenzoic acic i.'iukaj). S:-Crs .vere subsequently incubated 
: tti;W ant:-mo-so sT.mur.cc:crj::n iS6 ug/mi. Oafco). tallowed by 
si"<£.ir.c p.-.coohatEse recuse ~c.-cc:cr,al anti aiXaii-e phosphaiase 
I 2 - mi Onv»). The :p.'.3r.s::v z: r.rr jr. or ^activity was enhanced by 
;v/0 -..";;H CC v— - : .- -~ i-eps. irr.rr.uncre activity was 
*.. . — --y "O-'j-.e :?c."i.Tci.*e *.H s;o- 



Mark™ Red test system. Kirkgaard & Perry). As controls, duplicate 
slides were evaluated in the absence of the primary anti-human CFTR 
antibody or with an irrelevant primary mouse monoclonal antibooy 
(anti-human Leu-2A (COS). Beclon Oickinson). 
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